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1. Introduction 



Recent developments in controlled fusion reactions, low 
frequency noise investigations, and allied investigations 
indicate the need for further fundamental research in the field 
of electrical discharges especially with the oscillution phenomena 
observed at low pressures in various inert gases. This report 
covers plasma oscillations observed in argon gas discharges at low 
pressures. 

Plasma as used in this paper will mean ionized regions in gas 
discharges where the concentration of positive and negative ions 
are approximately equal so that for a large volume the overall 
electric charge is essentially neutral. ^ Two such examples of 
plasma are positive columns of the glow and arc discharges which 
exhibit high conductivity and consequently a relatively low volt- 
age gradient. In rare gas plasmas the electrons are the negative 
carriers of the current, since in these cases they do not attach 
themselves to atoms to form negative ions in which case these ions 
are the negative carriers, i. e. in oxygen or chlorine. The elec- 
trons, the positive ions and the neutral molecules may be in 
thermal equilibrium l in which case the kinetic energies are equal), 
but in general they are not; since the plasma is established by an 
electric field the electron temperature greatly exceeds the positive 
ion temperature which in turn exceeds the gas temperature. 

In the plasma a maxwellian distribution may be assumed for the 

^•J. D. Cobine, Caseous Conductors, pp. 130, McGraw-Hill Book Co., 
Inc. 1941 
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velocities of both the ions and the electrons although Langmuir, 
Compton, and others have observed deviations from this distribu- 
tion.® although the applied electric field increeses the ion 
and electron temperatures, it does not necessarily produce a de- 
parture from the maxwellian distribution, since the drift current 

% 

density is usually much smaller then the random current density of 
the ions and electrons. The applied field increases the energies 
of the electrons to values much greater than those of positive 
ions, for the electrons have a greater acceleration due to their 
smaller mass. The electrons lose little of their energy by elastic 
scattering to the neutral gas molecules because of their small mass 
ratio and hence do not significantly raise the gas temperature. 

Since the positive ions have nearly the same mass as the neutral 
molecules, the ions can increase the gas temperature by elastic 
collisions. 

Although a macroscopic volume of plasma must by essentially 
neutral, portions of the plasma may have high electric fields due 
to variations with time in surrounding charge concentrations. The 
ionizations in a plasma are maintained primarily by electron colli- 
sions, although some photo-ionization also contributes. Electrons 
which ere accelerated through the electric field in the cathode fall 
space gain a considerable amount of energy and are referred to as 
primary electrons. 

K. T. Compton and 1. Langmuir, Rev. Mod. Pfcys.,£, pp. 227, 

April 1930 
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Plasma oscillation experiments are generally conducted in gas 
filled diodes or triodes (the latter being the instrument used for 
the present investigation). The glow discharges usually employ 
mercury, argon, or similar gases. The voltage variation across the 
tube consists of a steep rise from the cathode to the beginning of 
the negative glow, a slow rise in potential across the remaining 
length of the tube except for a small sharp rise to the anode.' 5 
Thus the major voltage rise experienced by electrons traversing the 
inter-electrode distance occurs close to the cathode. This sharp 
rise in voltage is called, incongruously, the "cathode fall". 

Since electron mobilities are greater then those for positive ions, 
the cathode is surrounded by a positive ion sheath. The portion of 
the discharge, from cathode through the Faraday dark space, remains 
fixed in size as the inter-electrode distance is varied, so that 
frequently for oscillation experiments with smell inter-electrode 
distances, the positive column is not observed and the discharge 
appears to terminate at the negative glow. Except for that region 
very near the cathode, the concentrations of positive ions and 
electrons are approximately equal, and this constitutes the plasma.^ 
Two types of stable longitudinal oscillations may be considered 
possible in a plasma of a gaseous discharge. Due to local perturba- 
tion of electron-positive ion densities with later modulation of the 
passing fast primary electrons, probably by a feedback or growing 
wave mechanism, a group of electrons may oscillate at high frequency 
while the positive ions remain relatively fixed in position. The 

3_ 

Cobine, op. cit., pp. 132 

A 

a . Von Engel, Ionized Cases, pp. 243 Oxford University Press, 1955 
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positive Ions may also oscillate, but because of their large mass 
the oscillation frequency will be much lower than the electron 
oscillation frequency. 

2. Previous Work 

While making investigations of scattering of electrons in low 
pressure mercury discharges, in 1924 Langmuir and Mott-Smith^ 
found that some of the electrons emitted by the cathode acquired 
energies greeter than the potential across the tube. This type of 
discharge has a large voltage rise across the cathode space charge 
sheath, and since the remainder of the tube containing the plasma 
is approximately at anode potential, the fast or primary electrons 
extending beyond the cathode sheath would be expected to have 
energies approximating the tube potential. Others of the primary 
electrons were determined to have less energy than expected, 
indicating that energy "scattering" had occured, even though the 
mean energy was little changed. The explanation suggested for this 
effect was that oscillations, not detected, were occuring in the 
discharge tube. 

Dittmer 6 , while studying the variation in scattering with tube 
voltage and current, gas pressure, and with distance from the cathode, 
found the region of scattering approaches the cethode as the dis- 
charge current is increased. Dittmer concluded that there might well 
be a fluctuating potential in the discharge and pointed out that a 

5 

I. Langmuir and ti. Mott-Smith, Gen. Elec. Rev., pp. 449, 538, 666 
762, 810, August-November, 1924 

F. Dittmer, Phys. Rev., 28, pp. 507, September, 1926 
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small change in the electron density distribution could cause 



considerable potential change. Dittmer hypothesized the exis- 
tence of plasma oscillations to explain the fluctuation in 
potential but was unable to detect these oscillations experi- 
ment^, possibly due to inadequate high frequency detection 
equipment. 

Penning 7 , by using a Lecher wire circuit, discovered oscilla- 
tions with frequencies from 300 to 600 megacycles and observed that 
electron scattering was accompanied by oscillations. 

Langmuir and Tonks® extended the range of oscillation detect- 
ion from 1-1000 megacycles observing that oscillations occurred 
generally throughout the range but with sharp peaks depending on 
the impressed electric field. They postulated that the low energy 
(plasma) electrons vibrated at frequencies dependent on their con- 
centration while the massive positive ions could be likened to a 
jelly of positive charge and uniform density. The displacement, S, 
of a group of electrons in a small region of plasma would cause an 

unbalanced force proportional to the magnitude of the displacement 

% 

and the amount of charge. This restoring force, E, would then cause 
oscillations about the equilibrium positions at a frequency of 



the above relationship thus demonstrating that there was no symmetry 
dependence for these oscillations. Further, the absence of space 
coordinates in the equation showed that the oscillations did not 
propagate throughout the plasma. 

? F. M. Penning, Nature, 118, pp. 301, 19£6 

®L. Tonks and I, Langmuir, Phys. Rev., 38, pp. 1219, 1931 



^zULg? or 




. Langmuir and Tonks verified 
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Druyvesteyn and Warraoltz , in their studies of arc discharges 
with a hot cathode, in 1937 noticed that changes in velocity dis- 
tribution, space potential and charge density occurred in distinct 
narrow regions, and postulated the existence of micro-fields in the 
plasma to explain the effects, 

n 

In 1939, Merrill and Webb^-O investigated the relationship 
between the plasma oscillations and the scattering of the primely 
beam in mercury arc discharges. They determined electron tempera- 
ture and concentration using the method of Langmuir and Mott-Smith^ 
the electron velocity distribution using an analysis of tube voltage 
current characteristics, and the intensity and position of plasma 
oscillations and electron scattering by measurements with a tungsten 
probe which could be moved in small steps to any pert of the dis- 
charge, They confirmed the data of Druyvesteyn and Warmoltz, that 
velocity modulation and bunching of the fast electrons occurred in 
narrow regions. Since the oscillations of definite frequencies 
were observed in arc discharge only where fast electrons were under- 
going scattering, Merrill and Webb concluded that these electrons 
supply the energy for the oscillation of the plasma (ultimate) 
electrons. Excellent agreement was obtained between measured fre- 
quencies of oscillations and those computed by use of Langmuir and 
Tonks electron density formula, 

^H. J. Merrill and H, W. Webb, Phys, Rev,, 55, pp. 1191, June, 
1939 

^1. Langmuir and H. Mott-Smith, Gen. Elec. Rev., Vol.27, Nos. 7, 
8, 9, 11, 12, 1924 
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Armstrong, Emeleus, and Neill continued the investigations of 
Merrill and Webb, and concluded that the oscillations are stable and 
reproducible, Tarying in frequency and magnitude over the tube 
characteristics. The oscillation frequency varied directly with gas 
pressure, was independent of probe bias, and agreed with the Langmuir- 
Tonks formula. 

In 1953, Looney and Brown^ utilized a new technique to exoite 
plasma oscillations. A beam of high energy electrons, injected into 
the plasma of a D. C. discharge, excited oscillations in the plasma 
at the frequency given by the Langmuir-Tonks formula. The existence 
of standing-wave patterns of the oscillatory energy in the region of 
the plasma in and around the electron beam were shown by a movable 
probe. The standing-wave patterns were independent of the frequency 
of the oscillation and were determined by the thickness of the ion 
sheaths on the bounding electrodes. By the detailed behavior of the 
frequency of oscillation and the transitions in the stunding-wave 
patterns as the sheath thickness was varied, the mechanism of the 
energy transfer from the electron beam to the oscillation of the 
plasma electrons was established as a velocity modulation process. 

They also proposed that the oscillations were a type of longitudinal 
pressure wave set up in the plasma electrons. 

T. K. Allen^ has shown the reliability of probe analysis in 

12 

E. B. Armstrong and K. G. Emeleus, Proc. Inst. E. E. (London), 

96, pt. Ill, No. 43, pp. 390, September, 1949 

13 

D. H. Looney and S. C. Brown, Phys. Rev., 93, pp. 965, March, 

1954 

14 

T. h. Allen, Ph. D. Thesis, Queens Univ. of Belfast, 1954 
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investigating electron energy scattering. Abrupt appearances of 
this energy scattering at a particular distance from the cathode was 
found to be independent of the presence of the probe. 

The variation of oscilletion intensity with distance from the 
cathode was examined for a wide range of conditions tfnd analysed in 
terms of wave feedback from the detecting probe. The peaks observed 
were shown by Allen to represent feedback in phase from probe to 
cathode, each peak representing an integral number of beam wavelengths 
between probe and cathode. 

lie demonstrated further that the traveling wave group velocity 
between probe and cathode is constant along the primary beam and that 
this velocity is very near that of an extra group of electrons near 
the meniscus which have energies approximately equal to the anode 
potential. (The term meniscus as used here refers to a lens-shaped 
region, brighter than the surrounding plasma, which begins near the 
cathode and terminates in a dark layer a few millimeters from the 
cathode. ) 

Several workers have investigated radio frequency noise in hot- 
cathode discharges and have suggested that coronal plasma oscillations 
are responsible for certain forms of solar radio noise. In 1951, 
Martin and Woods^ conducted a systematic investigation of low- 
frequency electrical noise and found that low-frequency electrical 
noise with a broad eontinous spectrum extending from audio frequencies 
into at least the megacycle region is generated by a variety of low- 

^■^H. Martin and H. A. Woods, Proc, of the Phys, Soc., B, Vol.LXV, 
1952 
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